P ostnatal risk factors of atherosclerosis are well defined, and mechanisms contributing to lesion formation are increasingly understood. Previous studies showed that the atherogenic process in humans can already start during fetal development. 1 In a morphometric postmortem analysis of atherosclerosis in fetuses and children (Fate of Early Lesions in Children Study), 2 it was demonstrated that specifically maternal hypercholesterolemia was associated with a higher incidence of atherosclerotic lesions during the fetal period and a faster progression of these atherosclerotic lesions after birth even under conditions of normocholesterolemia in the offspring. A causal role for maternal hypercholesterolemia in fetal lesion formation was demonstrated in a genetically nonhomogeneous rabbit model of diet-induced hypercholesterolemia and confirmed in a low-density lipoprotein receptor-deficient mouse model (Ldlr Ϫ/Ϫ ). 3, 4 Raised cholesterol intake of pregnant Ldlr Ϫ/Ϫ mice accelerated the progression of spontaneous atherosclerotic lesions in the Ldlr Ϫ/Ϫ progeny. Because these mice have elevated plasma cholesterol levels independent of the maternal cholesterol levels during postnatal life, they are genetically prone to develop atherosclerotic lesions. The question remains whether solely environmental atherogenic risk factors present in utero can prime the developing vascular system.
We hypothesized that the offspring without a genetic predisposition for spontaneous atherosclerosis, which had been exposed in utero to maternal atherosclerotic risk factors, would show increased susceptibility to atherosclerosis development in adult life compared with offspring of wild-type mothers. To solely investigate the epigenetic effect we generated genetically identical heterozygous apolipoprotein (apo)E-deficient mice (apoE ϩ/Ϫ ) from mothers with a normocholesterolemic wild-type (apoE ϩ/ϩ ) or a hypercholesterolemia apoE-deficient (apoE Ϫ/Ϫ ) background and studied the morphology of the carotid arteries during the fetal and adult period. Homozygous apoE deficiency is associated with hypercholesterolemia and spontaneous development of extensive atherosclerosis resembling human lesion composition. 5, 6 ApoE heterozygous mice (apoE ϩ/Ϫ ), on the other hand, only develop hypercholesterolemia and atherosclerosis when fed a high-fat Western-type diet. 7, 8 To study the effect of maternal atherosclerotic risk factors in utero, we examined the morphology of the vascular wall in the late fetal stages. To investigate a possible increased vulnerability to atherosclerosis in adulthood, we studied neointima formation in both groups after induction of lowered shear stress levels by perivascular constrictive collar placement around the carotid arteries.
Methods

Mice
The apoE Ϫ/Ϫ mice used were generated by homologous recombination in embryonic stem cells as described and backcrossed Ն8 times to a C57BL/6J background. 8 C57BL/6J (apoE ϩ/ϩ ) mice were purchased from Charles River Laboratories (Maastricht, the Netherlands, import agency for Jackson Laboratories). The apoE Ϫ/Ϫ and apoE ϩ/ϩ mice were crossbred to generate genetically identical apoE ϩ/Ϫ fetuses (nϭ20 each group) from apoE Ϫ/Ϫ (nϭ5) as well as from apoE ϩ/ϩ mothers (nϭ5). To examine the long-term effects of prenatal exposure to risk factors for atherosclerosis, we used female apoE ϩ/Ϫ offspring (nϭ10 each group). After weaning (age 4 weeks), the animals received a Western-type diet (1% cholesterol, Hope Farms) for 16 weeks. Diet and water were provided ad libitum. The Committee on Animal Welfare, Leiden University Medical Center, approved all of the animal experiments.
Lipid Measurements
Total levels of cholesterol and triglycerides were enzymatically quantified in blood plasma of 4-hour fasted animals by using commercially available kits (Roche). Adult blood samples were obtained through tail bleeding. Maternal blood samples were acquired before pregnancy and at day 17.5 of pregnancy, whereas fetal blood samples were acquired by decapitation at embryonic day 17.5 (E17.5). Samples of the offspring were acquired at the postnatal ages of 4, 8, and 16 weeks.
Carotid Collar Placement
Neointima formation was induced in a random order by perivascular collar placement in apoE ϩ/Ϫ offspring and C57BL/6J controls (nϭ5) at the age of 16 weeks as described previously. 9 Mice were anesthetized by intraperitoneal injection of Domitor (0.5 mg/kg, Pfizer), Dormicum (5 mg/kg, Roche), and Fentanyl (0.05 mg/kg, Janssen-Cilag). A constrictive silicone collar (0.31 mm ID, 0.64 mm OD, and 2.0 mm length, Helixmark) was placed around the left common carotid artery. After wound closing, anesthesia was antagonized with a subcutaneous injection of Antisedan (2.5 mg/kg, Pfizer), Anexate (0.5 mg/kg, Roche), and Naloxone (1.2 mg/kg).
Magnetic Resonance Microscopy
Visualization of the arterial tree was performed 4 weeks after collar placement. For detailed information on MRI please see http://atvb.ahajournals.org.
Tissue Harvesting and Preparation
At E17.5, fetal thorax tissue was removed and fixed in 4% paraformaldehyde in 0.1 mol/L of sodium phosphate buffer (pH 7.4) for 48 hours or embedded in TissueTek (Bayer) for nonfixated cryosections. Four weeks after collar placement, the mice were anesthetized and the thorax opened. Pressure-perfusion fixation (76 mm Hg) was performed through the cardiac left ventricle with PBS for 5 minutes followed by 4% paraformaldehyde in 0.1 mol/L of PHEM buffer (60 mmol/L of Pipes, 25 mmol/L of HEPES, 10 mmol/L of ethyleneglycotetraacetic acid, and 2 mmol/L of MgCl 2 ; pH 6.97) for 5 minutes. The aorta and common carotid arteries were harvested, and the collar was removed. Pressure perfusion with only PBS was used for cryosections. The specimens were fixed for 48 and 6 hours, respectively, in 4% paraformaldehyde in 0.1 mol/L of PHEM buffer. After fixation, the tissue was dehydrated in ethanol and xylene and paraffin embedded. Transverse 5-m sections were cut and serially mounted.
Immunohistochemistry
Routine staining was performed with hematoxylin and eosin, Resorcin-Fuchsin for detection of elastin, Sirius red for collagen, and Oil Red O to assess lipid deposition. Unless indicated otherwise, the immunohistochemistry was performed as described. 10 Sections were incubated overnight at room temperature with a mouse monoclonal primary antibody against ␣-smooth muscle actin to identify vascular smooth muscle cells (1A4, 1:2000, Sigma Aldrich, product No. A2547), a rat monoclonal anti-CD31 (1:50, PharMingen) and rabbit polyclonal anti-von Willebrand factor (vWF; 1:2000, DAKO) to study endothelial cells, and a rat monoclonal Mac-3 (1:400, PharMingen) against macrophages. Goat anti-rabbit biotin conjugate (1:200, Vector), goat anti-rat biotin conjugate (1:200, PharMingen), and rabbit anti-mouse peroxidase conjugate (1:200, DAKO) with normal goat and mouse serum diluted in PBS were used as secondary antibodies (1 hour at room temperature). Biotin labeling was followed by incubation with Vectastain ABC (Vector). The CD31 signal was enhanced with a colony-stimulating activity kit (DAKO). 3-3ЈDiaminobenzidine tetrahydrochloride was used as chromogen, and counterstaining was performed with Mayer's hematoxylin.
Morphometry
To estimate the total volume of endothelial cells in the fetal carotid arteries at E17.5, the Cavalieri principle, 11 a point counting method using a grid, was used in 5 equally spaced sections stained with vWF (nϭ5 each group). In addition, morphometry was used to estimate the total volume of neointimal lesions in the adult carotid artery. To exclude bias because of differences in maximum neointima area, the complete plaque was studied by volume measurements. Lumen and medial volume were also estimated. Contralateral noncompromised carotid arteries were assessed in a comparable region. Fifteen equally spaced sections were examined. The total intimal volume was measured between the endothelial cell monolayer and internal elastic lamina and total medial volume between the external and internal elastic lamina. The intima/media ratio was calculated by dividing the intimal volume by the medial volume.
Statistical Analysis
Data are represented as meanϮSEM. Paired and unpaired data were evaluated by 2-tailed Student's t test. The differences were considered to be significant if PϽ0.05.
Results
Lipid Metabolism
To study the effect of maternal hypercholesterolemia and associated risk factors on fetal lipid levels, we determined maternal and fetal plasma cholesterol and triglyceride levels. Maternal total plasma cholesterol and triglyceride levels are shown in Table S1 (please see Supplemental Data at http://atvb.ahajournals.org). As expected, before and during pregnancy, plasma cholesterol and triglyceride levels differed significantly between apoE ϩ/ϩ and apoE
mothers. Plasma cholesterol concentrations in both groups significantly decreased during pregnancy. A striking reduction of 51% was observed in plasma cholesterol levels of apoE Ϫ/Ϫ mothers at pregnancy day 17.5, but the cholesterol status remained hypercholesterolemic. Plasma triglyceride levels increased significantly in pregnant apoE ϩ/ϩ mothers but not in the apoE Ϫ/Ϫ mothers. Maternal hypercholesterolemia in apoE Ϫ/Ϫ mothers resulted in a significant plasma cholesterol elevation in apoE ϩ/Ϫ mice at E17.5 compared with fetuses of apoE ϩ/ϩ mothers (Table S2 ). The plasma cholesterol levels found in apoE ϩ/Ϫ offspring at weaning and in adult life after a Western-type diet were similar. Plasma triglyceride levels were low in all of the fetuses.
Fetal Carotid Artery Composition
To examine the effect of intrauterine exposure to maternal atherosclerotic risk factors on fetal vascular remodeling, we studied the morphology of the vascular wall of the carotid arteries in apoE ϩ/Ϫ fetuses of apoE ϩ/ϩ and apoE Ϫ/Ϫ mothers at E17.5. No fatty streaks were observed in the carotid arteries of all of the fetuses. However, in carotid arteries of fetuses in apoE Ϫ/Ϫ mothers, increased endothelial cell damage was detected ( Figure 1A Figure 1B ). We found no lipid deposition in the vascular wall. In addition, Mac-3 staining showed that macrophages were not present in the vascular wall (results not shown). Overall quantification of vWF staining intensity in individual endothelial cells showed no significant difference between the 2 groups.
Carotid Artery Visualization by MRI
Four weeks after collar placement, the carotid arteries and the position of the collar could clearly be visualized with magnetic resonance microscopy in all of the C57BL/6J mice ( Figure S1A ). In 4 of 5 apoE ϩ/Ϫ mice born from apoE ϩ/ϩ mothers, the angiography revealed a normal carotid artery lumen proximal to the position of the collar ( Figure S1B ). In 1 case, the left carotid artery could not be visualized as a result of thrombus formation within the collar (confirmed by histology). In the group of apoE ϩ/Ϫ mice with apoE Ϫ/Ϫ mothers, only 1 angiography resembled the wild-type. In 2 cases, the lumen of the left carotid artery was only partly visualized, whereas in the other 2 mice the left carotid artery lumen was completely absent ( Figure S1C ). Histology revealed that the lack of visualization was caused by severe lumen narrowing as a result of presence of intimal thickening proximal to the collar.
Lesion Size
Spontaneous neointima formation was assessed in adult apoE ϩ/Ϫ offspring with apoE ϩ/ϩ and apoE Ϫ/Ϫ mothers at the age of 20 weeks. No lesions were detected at the level of the aortic root and in the aortic arch (see Supplemental Data). In addition, in noncompromised carotid arteries, normal vascular wall morphology was observed (Figure 2A ). We found that collar placement resulted in severe neointima formation proximal to the collar in apoE ϩ/Ϫ mice of apoE Ϫ/Ϫ mothers (9 of 10) compared with minor lesions in the offspring of apoE ϩ/ϩ mothers (2 of 10; Figure 2B and 2C). Significantly increased lesion volume was observed in offspring of apoE Figure 3A) . A trend toward increased medial volume was observed as result of collar placement ( Figure  3B) . A significant increase in medial volume was detected between the noncompromised and the collared carotid arter- Figure 3C ). Severe lesions were characterized by a cylindrical structure and maximal intima/media ratios of Ϸ1.0.
Lesion Composition
To assess the role of several cell lineages in intimal proliferation, neointimal lesion composition was studied.
The endothelial cell lining was, in contrast to the findings in the fetuses, in all cases intact ( Figure 4A ). The vWF was absent in the endothelial cells and present subendothelially ( Figure 4B ). All of the lesions contained macrophages ( Figure 4C ). Extensive extracellular matrix deposition was demonstrated throughout the neointima by increased presence of elastin and collagen ( Figure 4D and 4E). Enhanced medial volume in collared arteries appeared also to be the result of increased collagen production. All of the elastic lamina of the media were intact, thereby excluding major invasion of medial smooth muscle cells into the intima at this stage. Staining for smooth muscle actin was not restricted to the media, but positive cells were also detected in the intima ( Figure 4F ). Oil Red O staining revealed that Western-type diet alone did not result in lipid deposition in the carotid arteries ( Figure  5A) . A second trigger, collar placement, resulted in limited accumulation of lipids in the media only directly proximal to the collar in apoE ϩ/Ϫ mice with apoE ϩ/ϩ mothers ( Figure 5B ). On the contrary, massive lipid deposition was observed in the intima, as well as in the media, of collared arteries of apoE ϩ/Ϫ mice with apoE Ϫ/Ϫ mothers ( Figure 5C ). The vascular wall of all contralateral, noncompromised carotid arteries showed a normal morphology. In addition to immunohistochemical analysis of these arteries, we performed microarray analysis to detect changes in intrinsic gene expression patterns (please see http://atvb.ahajournals.org for preliminary data).
Discussion
The present study has provided evidence that the susceptibility to atherosclerosis of morphologically normal adult vessels can already be imprinted during prenatal development. We showed that in utero exposure of apoE ϩ/Ϫ embryos and fetuses to environmental maternal atherosclerotic risk factors can prime the vasculature to severely aggravated neointima formation in morphological normal adult carotid arteries after collar placement compared with nonexposed offspring of apoE ϩ/ϩ mothers. In apoE ϩ/Ϫ mice the remaining apoE allele is sufficient to generate plasma apoE levels equal to those of wild-type animals (reviewed by Getz and Reardon 12 ). Furthermore, plasma lipid levels of both groups of mice are indistinguishable when fed chow or a moderate Western type diet, 7, 8 and spontaneous atherosclerosis development in the aortic root is absent. Homozygous apoE deficiency in mice is associated with hypercholesterolemia, 5, 6 increased oxidative stress, 13 and enhanced inflammatory status, 14 and all of these factors may have a role in the process of programming of the vessel wall of apoE ϩ/Ϫ offspring. However, contribution of other factors associated with apoE deficiency cannot be excluded.
Because apoE deficiency is associated with hypercholesterolemia, we assessed the effect of increased maternal cholesterol status on fetal cholesterol levels. In our analysis we found that maternal hypercholesterolemia enhanced fetal plasma cholesterol levels. Neonatal plasma cholesterol levels did not differ between apoE ϩ/Ϫ mice from apoE Ϫ/Ϫ and apoE ϩ/ϩ mothers. Our data are in concordance with previous studies in humans, rats, and mice that demonstrated that no correlation exists between maternal and fetal plasma cholesterol levels late in pregnancy and at and after birth. 1,15-17 However, we have no data available on fetal plasma cholesterol levels earlier in pregnancy. Because several reports indicate that, during midpregnancy, fetal plasma cholesterol levels are very high, 1,18 the slight significant difference observed at E17.5 may be a reflection of larger differences earlier in development. Studies in human subjects revealed that fatty streaks are present in fetal aortas and carotid arteries, and the existence of maternal hypercholesterolemia throughout pregnancy leads to an increased number and size of the lesions. 1, 19 In human cerebral and coronary arteries, on the other hand, no lipid accumulations and macrophages were detected prenatally. 19, 20 In rabbits, diet-induced maternal hypercholesterolemia results in extensive lesion formation in the aorta of the offspring at birth. 3 Our data show that the presence of maternal atherosclerotic risk factors leads to endothelial cell activation and damage in carotid arteries of apoE ϩ/Ϫ fetuses. Except for these early markers of atherosclerosis, 21 no morphological abnormalities, eg, fatty streaks, were observed in the murine fetal carotid arteries. Furthermore, no intimal thickening was detected in the aorta of the fetuses (unpublished data). Anatomic and functional differences in arteries, as well as discrepancies between species, may explain the observed distinction in atherosclerotic lesion formation in fetal life. Because apoE ϩ/Ϫ mice from apoE Ϫ/Ϫ mothers lack atherosclerotic lesions in fetal vasculature and spontaneous lesion formation in the aortic root, aortic arch, and carotid arteries at the age of 20 weeks, our model is very useful to study the long-term consequences of imprinting of morphologically normal vessels.
ApoE deficiency leads to high levels of reactive oxygen species in the circulation and tissues. 22 In addition, it has been described that atherosclerosis development in these mice is accompanied by a reduction in antioxidant enzymes in the athero-prone areas. 23 It has been suggested that reactive oxygen species pass the placenta 24 and as a result may influence the oxidative status of the fetus. Napoli et al 3 and Palinski et al 25 reported that addition of vitamin E or cholestyramine to the diet of rabbits significantly diminished atherosclerosis in the offspring. Oxidative stress has also been described to affect DNA methylation. 26, 27 As a consequence, embryonic development, as well as other physiological processes, may be modulated by increased oxidative stress. We hypothesize that maternal hypercholesterolemia through oxidative stress affects signaling processes in the cell lineages of the fetal vascular wall and bone marrow leading to functional changes in these cells. That epigenetic changes are likely to be responsible for the aggravated atherogenic response to collar-induced shear stress changes in adult life is currently a focus of our ongoing investigations.
There seems to be a paradox between our study and a previous study by Madsen et al, 15 who did not observe an effect of in utero exposure to maternal atherosclerotic risk factors on atherosclerotic lesion formation in adult life. In the latter study, spontaneous lesion formation was induced by a Western-type diet containing the strong atherosclerosis-inducing factor cholate. In long-term survivors, they detected equal degrees of advanced atherosclerosis. In our study, spontaneous expression of atherosclerosis was missing, and we studied the initial stages of neointima formation, which turned out to be different between the 2 groups of apoE ϩ/Ϫ mice. Therefore, our studies cannot be reliably compared.
The striking differences in adult lesion formation between the in utero exposed and nonexposed apoE ϩ/Ϫ mice raise the question regarding which cell types involved are affected during embryonic development. The most obvious vascular cell populations to be considered are the endothelial and smooth muscle cells of the carotid arteries and the circulating bone marrow-derived cells. Changes in the gene expression profiles of mural cells after in utero exposure to high cholesterol levels have been demonstrated recently in low-density lipoprotein receptor-deficient mice. 4 Diet-induced maternal hypercholesterolemia in Ldlr Ϫ/Ϫ mothers significantly altered expression of 139 genes in descending aortas of Ldlr Ϫ/Ϫ offspring without signs of lesion formation. These data are in line with our gene set enrichment analysis of the microarray data of noncompromised carotid arteries showing changes in gene expression as a result of in utero exposure to maternal atherosclerotic risk factors (please see http://atvb.ahajournals. org). This method allows insight into the dynamics of genes contributing to a gene set without having to work within the fixed thresholds that genes have to meet to be differentially expressed and demonstrated altered regulations of various pathways in the vascular wall. Larger sample sizes of carotid arteries and descending aortas in combination with laser dissection microscopy will give us insight into the vulnerability of the individual cell populations for induction of changes in gene expression as a consequence of prenatal exposure to atherosclerotic risk factors.
In conclusion, the present study has provided evidence that the susceptibility to atherosclerosis of morphologically normal adult vessels is already imprinted during prenatal development and is not genetically determined in our model. In the presence of additional risk factors, neointima formation in adult life is severely accelerated. Our findings indicate that the basis for development of atherosclerosis in adult life is already laid down during embryonic development. Risk factors for atherosclerosis in human adults are mainly associated with lifestyle. Extensive lifestyle management can, thus, reduce the number of environmental triggers that induce aggravated atherosclerotic lesion formation. Future research will concentrate on the mechanisms involved in the priming process, as well as on prevention strategies. ) and maintained with ~1.5% isoflurane during all procedures.
Anesthetized mice were mounted into a probehead and inserted head-up into the magnet. The respiratory rate was monitored via an air-pressure cushion connected to a laptop using Biotrig software (Bruker, Rheinstatten, Germany). The depth of the anesthesia was continuously regulated to maintain a stable respiration rate during the experiment. We used a 3D FLASH (fast low angle shot) sequence with an echo time of 
Results
Spontaneous atherosclerosis
ApoE +/-mice only develop atherosclerosis when fed a high fat Western-type diet. To examine the extent of spontaneous lesion development in our mouse model, the aortas of the apoE +/-mice of apoE -/-and apoE +/+ mothers were examined at the termination of the experiment, at the age of 20 weeks. No atherosclerotic lesions were observed at the level of the aortic root ( Figure 1A) . Furthermore, no lesions were observed in the aortic arch and at the bifurcations ( Figure 1B) . 
Gene expression
Given the effect of intra-uterine exposure to atherosclerotic risk factors on fetal carotid arteries and atherosclerotic lesion formation in adult life, we performed microarray analysis on the non-compromised carotid arteries of the apoE +/-mice of both apoE +/+ and apoE -/-mothers to detect changes in intrinsic gene expression patterns. Up to 3309
genes had an un-adjusted p-value of <0.05 and 626 an un-adjusted p-value of <0.01.
